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DEPARTMENT OF THE ARMY 
U S ARMY AVIATION MATERI L.A80RATORIES 

,.Oin EU8TIS. VlftGINIA a~e04 

This report w~s prepared by the Lockheed-Ca lifornia Company in 
accordance with the require nta of Contract DA 44-177-AMC-232(!), 
initiated by the U. S. Army Aviation Materiel Laboratorie•, Fort 
Eustis, Virginia . 

This report represents the evaluation of the performance of a 
mechanical servo-actuator under loading conditione simulating 
the cyclic and collective pitch control functions of the Lockheed 
XH-5LA rigid rotor helicopter. 

This Co nd concurs with the contractor'• conclusiona that the 
currently des ned mechanical servo-actuator is inferior to the 
hydraulic servo in performance, primarily because of xcesaive 
hyateresis and high force threabold. High noise level d ring 
operation as noted. The use of the currently deaigned •~rvo­
actuator for helicopter flight control syatema ia not practical 
until design improvements can be made and demonstrated . 

This Command concurs in the reco ndationa that the research 
program for the application of thls type of chanical servo 
deaign principle for flight control• be continued. 
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ABSTRACT 

A prototype mechanical servo-actuator vaa tested under simulated loads 
to determine its suitability for use in powering flight control systems 
for helicopters.    Tests included frequency response, step response, 
threshold, hysteresis, endurance, and emergency operation, and were 
compared with similar tests of a typical hydraulic servo.    Recommen- 
dations are made zrgarding design changes for further investigation. 
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This report pertains to work performed under U. 8. Army Aviation Materiel 
Uboratorles (UBAAVLAB8)# Contract DA UU-177-AMC-232(T) dated 30 June I96U, 
by the Lockheed*California Company as prime contractor and the Curtiss Oivi« 
•ion of Curtiss-Wright Corporation as subcontractor. Mr. N. B. Saloaonsky 
of U8AAVLABS served as the authorized representative of the Contracting 
Officer for this program. 

The test article was designed and built by Curtiss-Wright under the direc- 
tion of John 8. Ferryman, Chief Project Engineer of the Curtiss Division. 
The Lockheed effort was directed by O.A. Knuusi, R&D Engineer, Flight 
Control Systems Department; the testing was done at the Lockheed Rye Canyon 
Research Center by W. R. Sage, Senior Research Engineer, Vehicle Systems 
Laboratory, with the assistance of R. E. Colvin, Curt iss-Wright. Design 
Engineer. The report was prepared by 0. A. Knuasi and W. R. Sage of the 
Lockheed-California Company as co-authors. 

•formerly, U. 8. Art. Transportation Research Coonand 
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Ihit report dlscuaaes the results of a test program performed by the 
Lockheed-Cslifornls Conpeny under en UBAAVXAB8 contract to evaluate the 
performance of a mechanical scrvo-aetuator under loads simulating a heli- 
copter flight control system. The mechanical servo tested was designed 
and fabricated by Curt iss-Wright to a design specification prepared under 
this contract. 

The test item was subjected to a series of tests including force threshold, 
resolution, frequency response, step response, and endurance, and the re- 
sults were compared to similar tests of a typical hydraulic servo. 

The performance of the mechanical servo indicated that two characteristics 
needed correction: excessive dead-band and high force threshold. After 
completion of the scheduled test program, the mechanical servo was re- 
turned to Curt iss-Wright for Investigation of possible design changes. 

The mechanical servo was modified by Curtiss-WTight abd returned to 
Lockheed-California. One day of testing indicated that the changes made 
by Curtiss-Wright had reduced the dead-band to 10 percent of its former 
value and had reduced the force threshold at null by 29 percent. These 
performance changes were mads by comprorlsing the load-holding function 
of the spring clutch. 

Curtiss-Wright also submitted proposal layouts of an ü^roved design 
which would provide an irreversible screw jack for the braking function 
and simple linkages to replace the input and output gear trains of the 
previous design. 

It is concluded that the mechanical servo as presently configured does 
not perform well enough under the test conditions to match the perfor- 
mance of the hydraulic servo, primarily because of excessive hysttresis 
and high-force threshold. High noise level during operation under heavy 
loads was also noted. 

Retest of the modified unit and a study of proposed design changes indi- 
cate that significant improvement in performance can be achieved from a 
redesigned servo. 

Further testing of an improved design under conditions more representa- 
tive of actual service is considered necessary to more cca^letely evalu- 
ate the potential use of mechanical servos in flight control systems. 

■■ i 
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The reiults of the test program indicate, in general, that the prototype 
mechanical «ervo will perform the tasks for - .iich it was designed but not 
as veil as the hydraulic servo to which it was compared. The principal 
areas in which the mechanical servo appears to be inferiox to the hydrau- 
lic servo are: 

1. Force Threshold. The force required to provide an initial 
output of the mechanical servo against typical loading was 
approximately 5 pounds as compared to l/U pound for the 
hydraulic actuator. 

2. Hysteresis, or dead-band.  The mechanical servo, as tented, 
indicated a total dead-band of apprcxlmately 2 degrees, or 
2.7 percent of total amplitude, as compared to 0.3 percent 
for the hydraulic actuator. 

3. Resolution. The capability of the mechanical servo to re- 
spond to small increments of input against a load propor- 
tional to displacement was inconsistent, especially under 
high loads. 

k.    Noise Level. The mechanical servo operation was very noisy 
against high loads, compared to the hydraulic servo. Ad- 
mittedly, most of the noise was generated by the flexible 
shaft connection between the electric motor and the servo, 
but since the intended application of the servo is based on 
the use of a flexible-shaft power drive, the noise problem 
is a real one. 

It is therefore concluded that the use of a mechanical servo-actuator of 
this type in helicopter flight control systems is not practical until de- 
sign improvements can be made and demonstrated. 



It If reconruended that research prograne for the application of mechani- 
cal tervo design principles to flight control systeraa be continued, for 
the following reasons: 

1. The basic principle of utilising mechanical power directly 
without converting the energy to other media has obvious 
advantages (weight saving, space saving, high reliability) 
which should be considered in any trade-off study of powered 
control systems. 

2. The reliability of mechanical components should be less 
afiected by high-temperature environment than hydraulic 
or electrical components. 

3* The performance discrepancies noted in this evaluation are 
of a nature thich can be corrected by rational evaluation 
of the causes and by redesign of the components to minimise 
or eliminate the problem areas. 

This investigation was limited to the evaluation of a single mechanical 
actuator operating against simulated loading but with no attempt to pro- 
vide facilities for pil -t evaluation of a multi-axis mechanical system. 
We therefore recommend that a follow-on program be considered to evaluate 
the performance of mechanical rervo-actuators in a three-axis (pitch, 
roll, and lift) helicopter control system installed on a whirl tower 
which will provide more representative dynamic loading and will include 
provisions for pilot evaluation of the system. The  proposed program will 
require three servo-actuators, one each for the pitch and roll cyclic 
control and one for collective pitch (lift) control. 

It is recommended that the mechanical servo-actuators procured for such 
a program be designed to correct or minimize the deficiencies noted in 
the evaluation of the prototype actuator and that the reliability, ser- 
viceability, weight, and structural integrity of the actuators be ade- 
quate for installation in a flying vehi ^le. 
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The uce of mechanical servo-actuators in flight control systems has been 
proposed and investigated in earlier studies (References 1 and 2).    The 
results have generally indicated that performance under specific load 
conditions needs further study but that mechanical systems can be ex- 
pected to show significant savings in overall weight and have a potential 
advantage in achieving high reliability under adverse environmental con- 
ditions.    The realization of high-quality performance of specific control 
functions requires intensive testing of hardware designed for the purpose. 

This program was established to evaluate the performance of a mechanical 
servo-actuator under loading conditions simulating the cyclic and collec- 
tive pitch control functions of the Lockheed XH-51A rigid rotor helicopter. 
The work statement specified the preparation of a design specification for 
the mechanical servo-actuator, the fabrication of a prototype actuator, 
the preparation of a test procedure, the fabrication of a test fixture, 
the performance testing of both the mechanical servo-actuator and an 
equivalent hydraulic servo-actuator, and the preparation of a test report. 



BASIS TOR DESIGN OF TEST ITEH 

In ordtr to have «n equitable batle for ev«l'«tlon of a mechanical servo- 
actuator,  the deaign specification (aee Appendix) was based  on the require- 
ments uf the cyclic and collective pitch control functions of the T^ockheed 
XH-^1A rigid rotor helicopter.    This vehicle presently uses  three hyd-aullc 
oervos for these   functions.    Ihe two cyclic control aervo-actustors operate 
against high-rate springs which tranamit forcea proportional  to actuator 
displacement to tne swaah plate and  in turn to a control gyro,  the pre- 
cession of which modulates the blade pitch angle.    The collective pitch 
actuator controla the vertical displacement of the gyro with  reference to 
the rotor plane, whl^h requires it to operate against the mass of the  awash 
plate, gyro, and associated linkage. 

The three hydraulic actuators all have  the same net piston area, but the 
stroke of the collective actuator is ^.3^ inches aa compared  to 2.03  incites 
stroke for the cyclic actuators.    In order to have a single mechanical 
servo design perform both control functions, a compromise was necessary. 
The design specification shown in the Appendix required  that  the mechanical 
servo accept input displacements and provide output displacements for 
both functions, but the output force requirements were based on the cyclic 
control loading. 

The apace envelope and the orientation of input and output connections for 
the mechanical servo were dictated by the desire to build a unit auitable 
for possible future installation in the XH-^1A vehicle control ayatem. 
However,  it was recognised that any future program for airplane installa- 
tion would require additional units and probably redefinition of functional 
requirements, so that overall length, weight, and details of linkage con- 
nections were compromised in the intereata of expediency. 

The location of the power input connection was specified to accommodate a 
relatively straight flexible shaft for the transmission of power from the 
existing hydraulic pump pad on the XH-^IA tranamisslon at 63CO rpm. 

The design specification is included  in this report as the Appendix. 
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The atehanleal Mrvo-actuator «•• designed end built by the Curtis* 
Division of the Curtlss-Wrlght Cornorstlon to the requirements of the 
design specifIcstlon (see Appendix).    The  input snd output lever travel 
Is Halted by fixed »tops to total angular displacement of 75 degrees. 
The output lever, 90 degrees displaced from the Input lever, moves In 
phase with the Input lever except for the dead-band required to energise 
the spring clutch. 

The operation of the mechanical servo csn best be described by reference 
to Figure 1.    The power input, at 6300 rpm.  Is transmitted through a worm 
gear and spur gearing to two cylindrical drums which rotste st l80 rpm. 
Spring clutches, geared to the output elements, have a smsll clearance to 
the drusi surface snd normally bear against an Internal cylindrical steel 
surfsce to provide s brake to hold the output load.    Angular motion of the 
Input lever Is transmit ted and amplified by a gear train to the end of one 
of the spring clutches.   When the spring clutch contacts the rotating drum, 
the self-energizing clutch transmits the svallable torque of the rotating 
drum to the output lever through reduction gearing.    The clutch releases 
as soon as the output has moved to s position commanded by the input signal. 
When the clutch Is energised, the output moves st s rste proportional to 
the power Input rpm, regsrdless of the rate of the Input arm.    Consequently, 
an Input command at a rate slower then msximu» results in s "stair-step" 
output response, since esch time the output catches up with an Increment 
of Input commsnd,  the clutch releases until re-energized by continuing 
motion of the Input.    The gear ratio betwe^*   the input shsft snd the spring 
clutch is 11.6; consequently the input or output rste corresponding to 
the l80-rpra drum speed Is 15*5 rpm.   At th c -ate,  full travel (73 degrees) 
requires 0.8 second. 

Both the  Input lever and the output lever have attachment holes to provide 
the required linear travel  for the two loading ^onditlot.s (cyclic and 
collective) within the 75-degree trsvel limit. 

The mechanical servo Includes provisions for manual override in the event 
of power failure or clutch release failure.    The Input and output shafts 
are concentric and normally move in phase.    The input shsft motion required 
to energize the servo clutch Is approximately one degree.   The input 
torque Is transmitted to the  Input gear train through a preloaded spring 
bungee.    In the event of power fsilure,  the sprl.ig bungee permits con- 
tinued motion of the Input lever, which Is transmitted to the output lever 
by a pin which normally is In the center of a slotted hole.   Motion of 
this pin relative to the output slso releases one of a psir of clutch 
springs which normally transmits power to the output shaft.    The Input 
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•h»ft thus drives the output thftft la direct ratio with the Input bungee 
torque (20 to 30 Inch-pouodt) end the friction of the overrunning output 
clutch added to the load. 

A eervo failure cautlng the output to continue notion without an Input 
caanand would result In a phase differential between input and output; 
conaequently the aforeasntloned pin would release the output drive clutch 
and connect t J output load direc.ly to the Input. 

A «ore detailed description of the nechanical servo-actuator and Its 
components appears In Reference 3* 



DESCRIPTION OF TEST FIXIVRE 

A test fixture was designed and fabricated for the performance of the tests 
prescribed by Reference U,    The fixture  Included mounting provisions for 
both the mechanical servo and the hydraulic servo, an output loading bell 
crank for the application ^f both spring loads and Inertia loads as speci- 
fied by Reference U, a hydraulic actuator controlled by an electro- 
hydraulic tranafer val"e to provide the required programmed Inputs, snd 
s d.c. electric motor as the power source.    A l-Tooi flexible shaft was 
provided to transmit power to the mechanical servo.    A flywheel to simulate 
the Inertia of the XH-^1A rotor was provided but was not used, ss It would 
require too much time to stop the flywheel In the event of malfunction of 
the mechanical servo-actuator. 

Instrumentation Included a linear potentiometer to read Input amplitude, a 
force transducer to read  Input  load, a rotary potentiometer to read output 
amplitude, a strain gauge on the load bell crank to read output load, and 
a U-char.nel Sanbnrn recorder (Model No.  l^U-100 BP) to plot the values of 
the above four parameters as a function of time. 

A function generator fHewlett-Packard Model No. 202A) was provided to 
program the amplitude and frequency of the Input signals. 

Auxiliary Instrumentation Included a stroboscope to monitor power Input 
rpm, a temperature  Indicator to monitor servo body temperature, spring 
scales and torque wrenches for dlrec : force measurements, and 0.001-inch 
division dial gauges for precise reading of small amplitudes. 



TIST PROCEDURZ AND RESULT? 

MKHANICAL SERVO-ACTUATOR 

The raech»nlc«l »er/o-actuitor, CurtlM-Wrlght Corporation rtirt No. IJ^klO, 
SeritI No. 1, WRS mounted in • loading test fixture •• per Figure 2 «nd as 
shown in Figures 3 through 7. 

Two types of loads were separately attached to the actuator - cyclic and 
collective.    The cyclic loads consisted of three different spring loads 
being individually applied.    These springs were sltemstely attached to the 
output ana of the mechanical servo-actuator at s radius of 2.178 inches. 
The springs had the following rites: 

1. Heavy Spring - ^10 pounds per inch. 

2. Medium Spring - 155 pounds per inch. 

3. Light Spring • kf pounds per inch. 

The collective loads consisted of four different loading configurations 
which were alternately attached to the output arm of the mechanical servo 
actuator at a radius of 3*622 inches.    The loading configurationa con- 
sisted of the following springs and masses: 

1. 50 •pound/inch spring and 20-pound mass. 

2. 50-pound/inch spring and UO-pound mass. 

3. 10-pound/lnch spring snd 20-pound mass. 

U. 10-pound/lnch spring and UO-pound mass. 

Figure 6 shows a dimensions! relationship of the load bell crank and the 
attached 20-pound and Uo-pound masses. 

The variation in loading was provided in order to determine whether the 
magnitude of the  load had a significsnt effect on performance . 

After the mechanical servo-actuator waa mounted in the test fixture, the 
collective loading configuration of 10-pound/lnch spring and 20-pound 
mass was attached to the actuator.    During the preliminary manual opera- 
tion of the actuator, the output loading arm encountered a mechanical 
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■top on the tegt fixture which caused the öjOO-rpm Input power flexible 
cable to break.    Since this was an Initial checkout of the actuator, the 
Input pover source vas running at only 3000 rpoi when the flexible cable 
fa Had. 

The aschanlcal servo-actuator vaa then operated ll the  "emergency" manual 
power mode.    During the Initial clockwise motion of the output arm, a 
failure occurred within the actuator.   At the time of the failure,  the 
10-pound/lnch collective load spring ves extended approximately 2 Inches 
and the input force load transducer wss Indicating a force of 100 to 
120 pounds. 

• 
Disassembly of the mechanical servo-sctuator by Curtlaa-Vrlght Corporation 
personnel revesled that the bungee spring T-brecket had broken.    Th» 
T-bracket was replaced and the actuator remounted in the test fixture.    A 
relief valve was added to r%ch of the input hydraulic cylinder lines to 
limit the input for-e to the mechanical  servo-actuator to approximately 
70 to 80 pounds.    Also the input hydrsullc cylinder was attached to th« 
input arm 1.562-Inch radius attachment ooint for all further cyclic and 
collective tests.    After these change      ere made,  the following operational 
tests were perform." with the  input ^jwer applied at 6300 rpm. 

Cyclic  I^ad  . Tare* Threehold Test 

Force threshold is defined ss the minimum input torque required to cause 
motion of the output sm of the mechanical aervo-actuator.    The applied 
input torque was measured by a standard laboratory-type torqte wrench. 
The output motion of the actuator output arm was determined by placing 
a 0.001-inch division dial gauge against the output arm vertical connecting 
rod.    With the 510-pound/inch load spring attached, the output arm was 
moved  from neutral to 0.2^-,  O.5O- and 0.90-lnch stroke positions, both 
clockwise  (CV) end counterclockwise (CCW).    At each of these stationary 
output stroke positions, the force threshold was measured in both clock- 
wise and counterclockwise directions.    This test was also repeated 
following   the endurance cycling test.   The results of the tests are 
tabulated in Table 1. 

It was noted that the force threshold varied from 10 to 20 Inch-pounda 
whan the output arm stroke waa being increased and from 9 to 18 inch-pounds 
when decreasing the output arm stroke.    In general the output srm motion 
waa smooth or in small step Increments (0.003 to 0.070 inch) when the 
stroke waa being Increased; however, the output arm motion was in definite 
steps varying from small steps of 0.030 inch to large steps of 0.600 inch 
when decreasing the output stroke.    The only appreciable change noted after 
the endurance cycling was that the output arm motion was noted to change 
to larger steps. 

18 
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TABU 1 

FORCE THRESHOLD TEST RESULTS 

Output Stroke Applied Force to Input Anr. Motion of 
Direction Inehg«  Dlrac t ion  Toraue.  in .-lb 

510-Pound/Inch Cyclic Spring 
Neutral 0 CW 11 Smooth 

CCW 11 .030 steps 
CW .25 CW 18 Smooth 

CCW 9 .060 steps 
CW .50 CW 18 Smooth 

CCW 10 .060 steps 
CW .90 CW 20 .030 steps 

ccw 16 .10 steps 
ccw .25 CW 11 .20 stepc 

CCW 11 .015 step« 
ccw .50 CW 12 .3 steps 

ccw 12 Smooth 
ccw ."0 CW Ik .U steps 

ccw 18 Smooth 

10-Pound/Ine h Spring and 20-Pound Met« Collective Load 

CW .01 CW 8 Smooth 
CCW 10 Smooth 

CW Jk CW 10 Smooth 
ccw 13 .00: steps 

CW 1.0 CW 10 Smooth 
ccw 8 .030 stept. 

CW 2.0 CW 13 Smooth 
ccw 7 .040 steps 

After Endurance Tegt, 510-Pound/Inch Cyclic Spring 

Neutral ü CW 10 Smooth 
ccw Ik Smooth 

CW .25 CW 12 .030 steps 
ccw 9 .060 steps 

CW .50 CW 10 .070 steps 
ccw 11 .3 ttepa 

CW .90 CW 17 .050 steps 
ccw 18 .6 steps 

ccw .25 CW 10 .25 steps 
CCW 16 .020 steps 

ccw .50 CW 11 .5 steps 
ccw 1U .025 steps 

ccw .90 CW 9 .6 steps 
ccw 16 .015 steps 

iü-Pound/Inch Spring and 20- •Pound Mess Collective Load 

cw 2.0 CW 9 Smooth 
ccw 7 

S^^K 
.040 steps 
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Cyclic fg/g - Mt«olixtion Teit 

IWiolutlon is d«rined •» the alnlBu« input notion required to cause notion 
of the output mm.    The input notion vns neasured by placln« s 0.001-inch 
dirision dial gauga against the force load transducer which was directly con- 
nected to the mechanics 1 servo-actuator input ara l.562-inch-radiua 
attachaent point. The output notion of the actuator output are was neasured 
by placing a 0.001-lnch division dial gauge agalnat the output arn vertical 
connecting rod. The input hydraulic cylinder rod was noved by means of a 

lually rotated acrev drive. 

Prior to starting these nsasurenents» the nechanicsl servo-actuator was 
noted to have a dead-band stroke of t0.050 inch as neasured at the 2.326- 
ineh-radius attachaent point of the input are. This Is equivalent to 
approxinately 2.5*degree total dead-band rotation of the input shaft. 

To elininate the effect of the dead-band, the input are vaa «lowly rotated 
in one direction until the output are noved. At this point, the Input sre 
notion to reuse a second output are notion was neasured and recorded. 
Neasurenents were nade with each of the attached load springs at neutral 
and st strokes of O.PS, 0.50 and 1.00 inch,both clockwise and counter- 
clockwise. It was noted that ss the output load snr stroke waa Increased, 
the resulting output are notion was created as varying step changes Instead 
of as a snooth notion. The cyclic load spring (510-pound/inch) test was 
repeated after the endurance cycling test. Results of these tests are 
tabulated in Table ?. No sppreciable change was noted after th«> endurance 
test. 

Cyclic Load - Maxinun Rate Test 

The nechanicsl servo-actuator waa operated by applying a square-wave elec- 
trical signal to the servo loop of the input hydraulic cylinder. Only the 
light spring (1*7-pound/inch) cyclic load condition rate test appeared valid 
as the relief valvea were opening when the nedlua (135-pound/lnch) and the 
heavy (510-pound/Inch) spring rate teata were per fo reed . 

After the conpletion of the endurance cycling teat, the naxlnun rate test 
was rerun using the heavy (510-pound/Inch) spring. The Input was manually 
rotated via a 10-inch lever are attached to the Input shaft. Reaults of 
these tests are tabulated in Table 3* 

Cyclic Load - Rreouency Response Test 

The nechanicsl servo-actuator was cycled slnusoldally at output anplltudes 
;t  tO.05, 40.10 and t0.50 inch. The frequency was varied fron 0.1 cpa to a 
naxlnun of 10 cpa, depending on the capability of the actuator. The baaic 
ünltatlon to obtaining the higher frequencies was the previously mentioned 
hydraulic relief valves. Frequency response measurements were made using 
each of the three Ic^d springs. After the endurance cycling teat, the 
frequency response test was performed using the heavy (51C-pound/lnch) 
spring at an amplitude of tO.10 inch. This test was repeated with the 
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hydraulic relief ▼•Ives installed (R.V. Ill) «nd vlthout hydraulic relief 
valves installed (»0 B.V.) at frequencies rangl*^ fro« 0.1 cps to 6 cps. 
nie results of these tests are presented in Figures 9 through 19• 

During these tests, the motions of the signal Input arm and the output load 
bell crank were recorded on a Sanborr recorder.    The magnitude of each of 
the corresponding amplitude traces was measured, and the Amplitude Ratio» 
expressed in decibels  (DB), was determined by using the following equation: 

mm*, «.tic. *, x*10 ^r^r 
Figures 9 through 19 also show the phuce lag in degrees between input and 
output. 

Cyclic Load - Step Response Test 

The mechanical servo-actuator was operated at maximum rate with output steps 
of 0.10, 0.. c. and 0.^0 inch for each of the three cyclic load springs. Fol- 
lowing the endurance cycling test, the heavy (310-pound/inch) spring was 
attached to the output arm, and the actuator was subjected to a step re- 
sponse test. Incremental steps of 0.10 inch and 0.25 inch were applied 
without the hydraulic relief valves installed. The time constant was de- 
termined for each step condition,and the results are tabulated in Tstle U. 
The tim^ constant is defined as the ti»e in seconds ♦'or the output arm to 
travel 63 percent of its full step travel. Also, since the input step 
motion of the input hydraulic cylinder is not a true square-wave step, tne 
tabulated time constant is the difference in time for the input hydraulic 
cylinder and the output a.-m of the actuator to reach their respective 63- 
percent points of total travel. 

Collective Load - Force Threshold Tests 

The 10-pound/lnch load spring and the 20-pound mass were attached to the 
output arm. The force threshold measurements were made at strokes of 0.01, 
1.00, P.00 and «.'O inches. After completion of the endurance cycling tests, 
the force threshold measurement was aade only at th ■ 2.00-inch stroke. Re- 
sults of these tests are tabuxated in Table 1. 

Collective Load - Resolution Tests 

Resolution was measured using the same technique as described in the cyclic 
load section. Measurements were made with the 10-pound/lnch spring and 20- 
pound mass and with the 30-pound/lnch spring snd 20-pound mass attached to 
th« output arm. Strokes of 0.01, 1.00, 2.00 and 3-60 inches were used. 
After completion of th" endurance cycling tests,a resolution measurement was 
made only at the 2.00-inch stroke position with the 10-pound/lnch spring and 
20-pound mass attached. Results of these tests are tabulated in Table 2. 

Collective Load - Maximum Rate Tests 

Maximum rate tests vexe performed as described in the cyclic load section 
for each of the four losdlng conditions. After the completion of the en- 
durance cycling test, s maximum rate test was rerun with 10-pound/inch 
spring and ?0-pound mass attached to the output arm of the mechanical 
servo-actuator. The input arm of the actuator waa manually moved for this 
one test. Results of tnese tests are tabulated in Table 3. It was not»d 
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* .^WTIO* TE3T PF-G'JLTS 

Output Arm 3troke Direction Minima Input 
Direction Inch of Input Motion Rea'dj In. Output Ax« Notionj in. 

Cyclic - 47-Pound/lnch Spring 
W<*utr«i c CW .000^ Saooth 

ccw .0003 Shooth 
CW .25 CW .0005 .001 etepa 

CCW .0019 Saooth 
CM .50 CW .001 .002 atepa 

CCW .00? .003 step« 
CW 1.00 CW .0005 Saoorh 

ccw .oc* .006 ttepa 
ccw .25 CW .0007 Saooth 

ccw .0003 Saooth 
ccw .50 CW .000? .001 atepa 

ccw .001 Saooth 
ccw 1.00 cw .001 .003 atepa 

ccw .0007 Saooth 
155'Pound/Inch Spring 

Neutral 0 CW .0005 Saooth 
CCW .0005 Saooth 

CW .25 CW .001 saooth 
CCW .00k .007 atepa 

CW .50 CW .001 .005 atepa 
CCW .001» .010 atepa 

CW 1.00 CW .002 .001» «tepa 
ocw Chattering« cannot aeaaure 

ccw .25 cw .0015 .002 atepa 
ccw .001 saooth 

ccw • 50 cw .002 .004 atepa 
ocw .0035 .006 atepa 

ccw 1.00 cw .od» 
Chattering» 

.006 atepa 
cannot aeaaure 

510-Pound/Inch Spring 

«•utral 0 CW .001 Saooth 
OCW .001 Saooth 

CW .25 CW .OOP .002 atepa 
ocw .01U .015 atapa 

CW .50 cw .009 Chattering, cannot 
■aaaure 

ccw .020 .030 atepa 

CW 1.00 cw Chattering» cannot aaaaure 
ocw .010 .0i»5 atepa 

ccw .25 cw •0035 .007 atepa 
ccw .003 Approx. Chattering 

ccw . J cw .005 .012 atepa 
ccw .003 Approx. Chattering 

33 
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TABLE 2 (Cont.) 

Output   AT« Stroke Direction   Mini «urn Input 
Direction   Inch   of Input  Motion W^o'd. In. Output Ar« Motion. In. 

OCV        1.00        CV Overshooting aotlon, cennot aeesure^ 
CCW        Chattering, cannot ■«••ur^ 

Collective Load • 10-Pound/inch Spring and 20-Pound Mass 

m 
i 

cw 

m 

cw 

cw 

cw 

cw 

cw 

cw 

cw 

cw 

ocw 

ccw 

ccw 

Collective Load • 10-Pound/lnch Spring end 20-Pound Mass 
CW 2.00        CW .001       Smooth 

CW .OOP       .OOU  steps 

*Wss unable to move Input sra to edge of dead-band area without the output 
an aovlng sufficiently to cause the Input arm to be in the dead-band srea 
agsln. 

.01 cw .0005 amooth 
ccw .001 Smooth 

1.00 cw .001 Tends to keep moving 
ccw .0015 .006 steps 

2.00 cw .001 Tends to keep moving 
ccw .0015 .010 steps 

3.90 cw .006 Tends to keep moving 
ccw .004 .020 steps 

50-Pound/lnch Spring and 20-Pound Mass 
.01 CW .0005 Smooth 

CCW .0025 3mooth 
1.00 CW .0006 Smooth 

ccw .0015 .020 steps 
2.00 cw .001 Chattering cannot 

measure 
ccw Overshoot motion,   cannot Measure 

3.90 cw Chattering, cannot measure 
ccw Overshooting motion, cannot measure 

After Endurance Cycling Test - Cyclic - 510-Pouiv'7lnch Spring 
.01 cw .002 Smooth 

ccw .001 Smooth 
.25 cw .002 .003 steps 

ccw .005 .007 steps 
.50 cw .003 .006 st^ps 

ccw .018 .0^0 steps 
1.00 cw .005 .005 s eps 

ccw Overshooting motion, cannot measure 
25 cw .006 .010 ateps 

ocw .001 .001*  tteps 
.50 cw .005-.020 .015-.050 steps 

ccw .005 Chattering cannot 
measure 

1.00 cw Overshooting motion, cannot measure 
ccw Chattering, cannot measure 
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TABLE 3 

Senro- 
Actuator ^fP* V** 

Lo«d 
Pondition 

Output 
Motion 

Total 
Stroke, 

I"- 

Load Rate, 
In/3ec 

Nech. 
(R.V. 
installed) 

Mech. 
(After 
Endurance 
Teat) 
(Manual 
Input) 

Kyd. 

(Manual 
Input) 

Mach. 

(R.V. 
inatalled) 

Cyclic 

Cyclic 

Cyclic 

Collective 

Mach. 
(Aftar 
Endurance 
Teat) 

Hyd. 

(P.V. 
inatalled) 

Collective 

Collective 

U7-lb/ln. Spring 

510-lb/in. Spring 

47-lb/in. Spring 

155-lb/in. Spring 

510-lb/in. Spring 

(10-lb/ln. Spring) 
(20-lb Mast) 
(10-lb/in. Spring) 
(UO-U Maai) 
(50-lb/in. Spring) 
(20-lb Maas) 
(50-lb/in. Spring) 
(i»0-lb MM«) 

(10-lb/in. Spring) 
{20-lb Maas) 

(10-lb/in. Spring) 
(20-lb Maa«) 

(10-lb/in. Spring) 
(UO-lb Mast) 
(50-lb/in. Spring) 
(20-lb Ma»») 
(50-lb/In. Spring) 
(20-lb Mas») 

CW 
CCW 

CW 
CCW 

Retruct 
Extend 

Retract 
Extend 
Retract 
Extend 

CW 
CCW 
CW 
CCW 
CW 
CCW 
CW 
CCW 

CW 
CCW 

Retract 
Extend 

Retract 
Extend 
Retract 
Ext-nd 
Retract 
Extend 

1.90 

1.76 

1.75 

1.70 

1.70 

3-96 

3-95 

2.00 
2.54 

2.50-4.16 
1.59-2.78 

3.16 
3.13 
3.?9 
3.33 
2.7' 
2.'f. 

U.52 
6.62 
U.62 
6.62 
U.22 
6.84 
U.22 
7.34 

6.20 
11.7 

3.35 
3.53 

3-29 
3.41 
3.19 
4.29 
3.14 
4.29 

•The aotion of the output load mrm be., crank wa» recorded on a Sanbom re- 
corder and the aaxlauni ratea were deteimlned by aeasuring the slopes of 
the recorded traces. 

R.V.  - Relief Valve 
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TABLF U 

■tfl&B REIPON.IE TEST REf 

^Md Conditions Step Jtroke, Inches 
Output 
Motion 

Tine Constant i ^c 
Mech. Hyd. 

Cyclic Condition i 

U7-Pound/Inch Sprint 
Nech.   (R.V. In) 

ion 0.1 CW'/R^t. 
ccw 

.013 

.02? 
.010 

Kyd.   (Mo R.V.) 2511 .25 CW/Ret. 
CCW 

.006 

.011 
.012 

5011 • 50 CW/Ret. 
CCW 

.010 

.020 
.020 

115-Pound/Inch Spring 
Nech.   (R.V. In) 

10^ .1 CW/Ret. 
CCW 

.015 

.015 
.006 

«yd.   (Ho R.V.) 2511 .25 CW/Ret. 
CCW 

.007 

.022 
.018 

5011 .50 CW/Ret. 
CCW 

.007 

.031 
.020 

510-Found/Inch Spring 
Nteh.  (R.V. In) 

ion .1 CW/Ret. 
CCW 

(-).ooe 
.030 

.015 

Hyd.   (Ro R.V.) 2511 .25 CW/Ret. 
CCW 

(-).002 
.010 

.016 

5011 .50 CW/Ret. 
OGW 

.010 

.010 
.019 

510-Pound/Inch Spring 
(Ro R.V.) 

ion .1 CW 
CCW 

.012 

.025 

(Aftor ftjdurmnce Test) 25K .25 OW 
CCW 

.025 

.0U2 

10-Pound/lnch Spring 
20-Pound Niti 

ion A CW/Ret. 
CCW 

.005 

.050 
.018 
.018 

25n 1.0 CW/Ret. 
OCW/Ext. 

.010 

.ouo 
.026 
.021 

5on 2.0 CW/Ret. 
CCW/Ext. 

.025 

.005 
.032 
.015 

Nteh.   (Ho RV.) 
(After Endurance Test) 

ion .u CW 
CCW 

.02? 

.026 

10-Pound/lnch Spring 
UO-Pound Miss 

ion .4 CW/Ret. 
CCW/Ext. 

.015 

.055 
.005 
.005 



TABLE k  (Cent.) | 

Load Condition« 3teB otrokpj Inches 
Output 
Motion 

Tine Constant 
Mech. 

. Sec 
Kyd. 

Cycl ic Condition 1 

?* 1.0 CW/Ret. 
OCW/Ext. 

(-).030 
.0>0 

.030 

.02P 

M ?.o CW/Ret. 
CCW/Ext. 

.015 

.015 
.oko 
.015 

50-Pound/lnch 
?0-Pound Yaf ■ 

-prlnf ion Jk CW/Ret. 
CCW/Ext. 

(-).oio 
.0?5 

.01? 

.010 

?5i 1.0 CW/Ret. 
OCW/Ext. 

(•).005 
.0?5 

.022 

.017 

5011 ?.o CW/Ret. 
OCW/Ext. 

.015 

.020 
.03? 
.016 

50-Pound/lnch Sprlnc 10% .k CW/Ret. 
OCW/Ext. 

.005 

.030 
.026 
.015 

2* 1.0 CW/Ret. 
OCW/Ext. 

(.).oio 
.010 

.020 

.015 

50% 2.0 CW/Ret. 
OCW/Ext. 

.030 

.015 
.040 
.018 

ROTES:    (M 
CCW 
Itet. 
fid. 
(-) 

l.f. 

• Clockwise 
• CoiMt«rclock«flM 
• Retraction 
• Extension 
• Denotes that output rate of aeehnnlenl «erro-ectuetor 

vns faster thnn the rate of the Input hydraulic cylinder. 
-    Relief Vnbre 
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TABLE 5 

Output 
Cycllnf      Mo. of    Stroke   Preq. 

Qrouo Mo,    Crcln      Inch 2S *em*rk»  

1-t 200        2.0 .1      Actuator housing surface reached  *173*f at 
end of cycling period.    Noted chattering 
noise on the counter- clockwise rotation of 
the actuator. Interaittent noise on clock- 
vise end of load • possibly bearing noise. 

1-b 1000        1.0 .5      Replaced input power flexible shaft during 
this run.    Housing stayed belov +120*7 
during run. 

I'C fcOOO .05       5>0     Functioned normlly. 

2-a 200        2,0 .1      Output CCV stroke started to becone 
shorter after approxiaately 14.0 cycles. 
Housing temperature was -»137*7.  Reaoved 
frosi teat fixture and disassembled. Found 
bonded Joint of Delrin gear (P/N 173^26) 
and hub (P/R 173^27) has failed allowing 
Delrin gear to come out of mesh. Repaired 
Joint by adding a locking pin between the 
hub and pinion plus l/h in. waaher to 
prevent pin from coming out. Hext, riveted 
Delrin gear to hub with U aluminum rivets. 
Reaswembled unit and remounted in test 
fixture.    Still unable to cycle actuator 
properly.    It was disassembled agait., but 
could not find any reaaon for malfunction- 
ing.    Decided to reassemble and continue 
cycling with tne lower amplitudes only. 

2»b 1000        1.0 .3      Unit chatters but able to obtain full 
amplitude.  Housing surface temperature 
reached a maximum of ♦127*F. 

2-c UOOO .03        5.0      Functioned normally. 

3-b 1000        1.0 .5      Functioned the same as before -  full 
stroke but chatters.    Housing surface 
temperature reached ♦lU3*F. 

3-c MX» .05       5.0     Functioned normally. 

h-t 1000        1.0 5     Ho change, although oil is starting to 
leak out of the front aeal - seepa only. 

U-e UO00 .05       5*0     Functioned normally. 
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TABLE 5  (Cont.) 

Cycling 
GrouD No. 

No. of 
Cycles 

Output 
Stroke 
Inch 

Preq. 

5-b 1000 1.0 -b 

5-c uooo .05 5.0 

Wetrki 

2-» 60 2.0 .1 

3-* 200 2.0 .1 

It-« 200 2.0 .1 

5-« 200        2.0 .1 

No change. Housing teapermture Increased 
fro« *lkOmT to ♦125#F during this period 
of cycling. 
Functioned nonsaliy.  At completion of this 
step all of the required cycling except 
for the full 2.00-lnch cycling was COB- 
plete. Started to measure force threshold 
and It was noted to be high. The actuator 
was again dlaasseabled and It was found 
that the #70 dowel pin on Print 173410 had 
worked out. This pin la between gear (P/N 
173^21) and bushing (P/N 173^22). The pin 
showed evldenctr of rubbing against the 
metal flange of De Irin gear (173^19). 
Reset the pin and reassembled actuator. 
It was decided to continue with the full 
stroke cycle. 
Cbapleted remainder of Group 2-a cycles. 
Housing temperature Increased fro« *ll6*P 
to »Iß^'P during the run. CCW stroke has 
started shortening again. 
Allowed unit to cool to ♦99,F before 
starting this phase.  Still has restricted 
motion In CCW direction.    Disassembled 
the actuator again and fround #70 dowel 
pin had backed out «gain. Put a second 
retaining pin In gear shaft and #7C dowel 
pin. Reasseabled the actuator and r m- 
pletad this phase of cycling. Housing tem- 
perature had reached ♦155,P at end of this 
phase. 
Housing surface taaperature has Increased 
fro« *116*F to «170*7 during the phase. 
Actuator still has a restricted «otlon In 
the CCW direction. Sounds like aosMthlng 
Inside of actuator la hitting «echanlcal 
stop. Input force Jumps to approxlaately 
200 lbs. when the CCW «otlon la restricted. 
Figure 33 •hows a Sanbom trace of the 
actuator cycling. At coapletlon of cycling, 
the unit was again dlaasse«bled; however, 
could not find evidence of binding between 
the Input ans and the aprlng bungee. Noted 
so«e wear «arks on the brass bushing oppo- 
site the loading gear. 
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that In «ach Mt of t««ti the —wlw ratea were greater when the collec- 
tive tpriBC load WM elding (counterclockvlae direction). 

Oollective Loud - Frequency Reeponae Te«t 

The ■echanlcal «ervo-actuator waa cycled ainuaoidally at the output ampli- 
tudei of lO.UO, 1O.80 and tl.8 Inchea. The frequency waa varied fro« 0.1 
cpa to a —wl— of U cpa (relief valves limiting higher frequenciea) fcr 
each of the four loading condition*. After completion of endurance cycling, 
the frequency reeponae teat waa repeated uaing the 10-pound/Inch spring and 
the 20-pound naas attached to the output ex« of the mechanical aervo- 
actuator. The hydraulic relief velvet were reenved prior to this last teet. 
Retulta of theae teata are shown In figures 20 through 32. 

Oollectlve Load - Step Reeponae Teat 

The mechanical servo-actuator waa operated at maximum rate with output 
etepa of 0.**o, 1.00,and 2.00 Inchea for all four collective loading con- 
ditiona. After the endurance cycling test, the 10-pound/inch spring and 
20-pound maas were attached to the output arm and the actuator waa subjected 
to a step resonse teat of O.Uo-inch and 1.00-lnch atepa without the hydrau- 
lic relief valves Installed. The time constant for each atep was deter- 
mined aa described in the cyclic load section, and the result« are tabulated 
in Able k. 

Indurance Cycling - Machanlcal Servo-Actuator 

After the above teata had bean completed, the 510-pound/inch cyclic load 
spring waa attached to the output arm of the mechanical servo-actuator and 
subjected to the following aerlea of cycling teata: 

1) 1,000 cyclea at 100-percent amplitude and a frequency of 0.1 cpa. 

2) 5,000 cyclea at 50-perc^nt amplitude and a frequency of 0.5 cpa. 

*) 20,000 cyclea at 5-percent amplitude and a frequency of ^ cps. 

Each of the above group« of cyclea waa divided into five Incremental por- 
tions. The actuator waa cycled within each o' the increments except as 
noted In Table 5. A sample of the Sanborn traces recorded during the en- 
durance teat la shown in Figure 33. 

ttaargency Operation Tsat 

A loaa of input machanlcal power to the mechanical servo-actuator waa 
simulated, thereby requiring a manual input force to operate the actuator 
with a SlO-pound/lnch cyclic load spring attached to the output arm of the 
actuator. The actuator waa operated through a full stroke of 2.20 Inchea 
aa the Input hydraulic cylinder traveled through a full atroke of 
I.78 Inchea. Figure 3U repreaenta a Sanborn trace of the output load and 
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output aotion of the aechanical lervo-actuator, as well as the input force 
and input «otlon of the input hydraulic cylinder. In addition, the test 
was repeated with collective leads of 10-pound/inch spring and 20-^oand 
■ass and the 50-pound/inch spring and 20-pound mass separately attached to 
the actuator while cycling through a full stroke of U.00 inch. Figures 35 
and 36 represent Bankern traces of tae actuator cycling. 

HPBAULIC anWO-ACTUMOR 

The hydraulic servo-actuator, Lockheed-California Company Part No. 5,+clcU-l, 
Serial Ho. 1102, was mounted in a loading test fixture as shown in 
Figures 37 through Uo. 

The two types of loads, cyclic and collective, were separately attached to 
the output yoke of the actuator housing. The various attached spring loads 
and masses were identical to those described in the mechanical servo- 
actuator section. 

Following the initial failure of the bungee spring T-bracket of the mechanical 
servo-actuator, a complete series of cyclic load tests were performed on 
the hydraulic servo-actuator without relief valves installed in the plumb- 
ing lines to the input cyclinder. The results of the cyclic load tests 
are contained in the following identified paragraphs. 

Cyclic Load - Force Threshold 

The 510-pound/inch load spring was attached to the output yoke of the 
actuator, and the input to the control valve spool was disconnected. With 
a 1000-psi supply pressure applied to the hydraulic servu-actuator, the 
minivum input force required to obtain output motion of the actuator was 
measured. The test resulwf were as follows: 

Force Applied Direction of ^pe of 
to Spool, lb Act^iator Notion Loading 

0.22 Retraction Tension 
0.2U Retraction Tension 
0.2U Retraction Tension 
0.26 Extension Compretsion 
0.26 Extension Compression 
0.2k Extension Compression 

There was no noticeable change in the force required to move the actuator 
to any point along a tl.00-inch stroke. 

Cyclic Load - Resolution Test 

The resolution of the hydraulic servo-actuator was determined by directly 
measuring the motion of the valve spool versus the initial output motion 
of the actuator body. Prior to this test, it was noted that the actuator 
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hsd a dead-band stroke of 0.005 inch in the neutral (no load) condition 
only. When the actuator was applying an output load, there waa no notice- 
able dead-band when using a 0.001-inch division dial gauge to detect 
motion. 

An Input command of approximately O.OOOi to 0.0003 inch was required to the 
valve spool to cause a noticeable output motion of the actuator body. 
Also, it was noted that the resolution did not change when any of the three 
cyclic load springs was attached. 

Cyclic Load - Maximum Rate Test 

The hydraulic servo-actuator was manually operated by moving the valve spool 
to its full open position in each direction with each of the three cyclic 
load spring separately attached. T>  results of these tests are tabulated 
in Table 3. 

Cyclic Tjoad - Frequency Response Test 

The hydraulic servo-actuator was cycled sinusoidally at output amplitudes 
of £0.05, 10.10 and tO.^0 inch, at frequencies ranging from 0.1 cps to 
10 cps. Frequency response measurements were recorded using each of the 
three cyclic load springs. After the completion of mechanical servo- 
actuator tests, the hydraulic relief valves were installed in the hydrau- 
lic lines of the input hydraulic cylinder and a frequency response test was 
performed with the 51C-pound/inch load spring attached and at an output 
amplitude of t0.10 inch. The reeults of three tests are presented in 
Figures 9 through 19. 

(^yclic Load - Step Response Test 

The hydraulic servo-actuator was operated at maximum rate with output steps 
of 0.10, 0.23 and 0.50 inch for each of the three cyclic load springs. The 
time constant was determined for each "step" condition in the same manner 
as described in the mechanical servo-actuator section. The results of 
these tests are tabulated in Table k. 

Collective Load - Maximum Rate Test 

Prior to performing this series of tests, the mechanical servo-actuator had 
been completely tested. During this interval of time, the Serial Mo. 1102 
hydraulic servo-actuator had to be returned to Lockheed stores j however, it 
was replaced with an actuator of the same type, Part Mo. 5^0104-1, Serial 
Mo. 103* Also, the hydraulic relief valves were installed in the hydraulic 
lines of the input hydraulic cylinder. 

The hydraulic servo-actuator was operated by applying a square-wave elec- 
trical signal to the servo loop of the input hydraulic cylinder. This was 
performed for each of the four collective load conditions. Results of 
these tests are tabulated in Tbble 3. 
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Collective Load - Frequency Resporue Te«t 

The hydraulic servo-actuator was cycled sinusoidally  in the same manner as 
described in the mechanical servo-actuator aection.    Results of these tests 
are shown in Figures 20 through 32. 

Collective Load - Step Response Test 

The hydraulic serve-actuator was tested in the sane manner as described in 
the mechanical servo-actuator section.    Results of thes    tests are tabu- 
lated in Table k. 

Bnergency Operation Test 

A loss of input hydraulic pover to the hydraulic servo-actuator was simu- 
lated,  thereby requiring a manual input force to operate the actuator with 
a 310-pound/inch cyclic load spring attached to the output yoke of the hy- 
draulic servo-actuator.    The actuator was operatea through a stroke cf 
1.00 inch as commanded by the input hydraulic cylinder stroke of 0.86 inch. 
Figure Ul represents a Sanborn trace of the output load and output motion 
of the hydraulic servo-actuator as well as the input force and input motion 
of the input hydraulic cylinder.    In addition, the tests were repeated with 
collective loads of 10-pound/inch spring and 20-pound mass and the 50- 
pound/lnch spring and 20-pound mass separately attached to the hydraulic 
servo-actuator yoke.    The actuator was cycled through a stroke of 3.95 
inches simultaneously with the input hydraulic cylinder stroke of 2.56 
inches.    Figures k2 and U3 represent Sanborn traces of the actuator cycling. 

RETE8T OF MODIFIED ACTUATOR 

Following the cos^letlon of the scheduled testing of the Curtiss-Wright 
mechanical servo-pctuator, the test item was returned to the Curtiss-Wright 
Division of Curtiss-Wright at Caldwell, Mew Jersey,  for investigation of 
possible changes to Improve performance. 

It was decided that the most expeditious change would be to reduce the gap 
between the inside diameter of the spring clutch and the outside of the 
rotating drum.    This change would reduce the dead-band and also the force 
threshold; however, without additional changes, the braking capability it 
th»: spring clutches would be nullified. 

The test actuator, modified as noted above, was returned to Lockheed, and 
sons of the earlier tests were rerun to evaluate the effect of the modifi- 
cations.    The results are suraaarized as follows: 

1.    Dead-band.    The input motion required to initiate output response 
from null position against the 510-pound/5 nch spring load was In 
the order of «0.005 Inch compared to the previously measured dead- 
band of «0.050 Inch.    This represents a significant Improvement. 
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2. Fore« threshold. A slight Improvement in force threshold was 
noted st the null position (8 to 10 inch-pounds compared to the 
previously recorded 11 to 13 inch-pounds), but the force required 
to initiate further motion from a load-holding position was exces- 
sively high (30 to UO inch-pounds). This was probably due to the 
fact that the load was not being held by a static brake but by 
energy from a slipping clutch spring. It can be concluded that the 
lack of a positive load brake on the modified unit is the reason 
for the high force level required to start motion against a high 
load. It should be noted that operation at a constant rate through 
full stroke against the 510-pound/inch spring load could be accom- 
plished without a noticeable increase ir> input torque and that the 
reduced dead-band resulted in a smoother response, the amplitude 
of the "stair-step" output fluctuations being significantly 
reduced. 

The results of this abbreviated retest indicate that redesign to provide a 
reduced dead-band will provide greatly improved performance and that design 
studies are required to minimize the input force levels 

lYALUATIOW 

The following paragraphs represent the contractor's evaluation uf the tejt 
program performed under this contract. 

DfTgRPRETATION OF TEST RESULTS 

The testing of the mechanical servo-actuator under the type of loading 
provided by trie test fixture, compared with the performance of a hydraulic 
servo under the same loading, indicated that overall performance of the 
mechanical servo was inferior to that of the hydraulic unit. In fairness, 
It should be pointed out that the hydraulic unit was a tried and proven 
production part with a basic design which had years of industry-wide de- 
velopment behind it; on the other hand, the mechanical servo is based en 
relatively new design principles, the test item was a prototype unit 
designed and built on a tight schedule and budget, and most of the moving 
parts were of new design.  It is obvious that design improvements can be 
made to improve performance in the areas discussed below. 

Dead-Band and force Threshold 

These two items are listed together, since the force threshold (the input 
force required to initiate output motion) is due primarily to the spring 
rate of the servo clutch and is therefore a function of the width of the 
dead-band. The dead-band in turn is determined by the clearance between 
the spring clutch and the constantly rotating power-driven drum. 

The Input torque, measured during the force threshold tests, ranged fro« 
8 Inch-pounds to 2S inch-pounds (see Table l), with an average of 
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approximately 11 Inch-pow*!« at the null position. In comparison, the 
hydraulic eervo required jnly 0.25-pound input force at the -ulve, which 
correspond! to an equivalent input torque of l-ss than 0.5 inch-pound. 

■ 

The maximum allowable breakout force permitted for cyclic control by MIL- 
H-8501A is 1.3 pounds at the stick. A design requirement for the actuator 
was a breakout force not greater than 53 percent of the NIL-H-65OI maximum. 
Converting 0.75 pound at 10 inches stick travel to a torque at 75 degrees 
angular travel gives an allowable force threshold of 

0.75X10^1 5.7 inch-pounds. 

The maximum allowable dead-band at the stick is ±0.2 inch. Half of this 
value is equivalent to 2 percent of total travel of 10 inches; 0.02 X 75 
degrees    1.5 degrees total allowable dead-band at the servo input. 

The excessive width of the dead-band (a total of 2.5 degrees of input 
travel) has a pronounced effect op performance under a sinusoidal input. 
Wien the output load reverses direction» output position lags the input 
by as much as 1.7 percent of the total amplitude. 

Modification of the original unit to improve these characteristics resulted 
in a significant reduction of the dead-band, but the force threshold was 
still higher than the allowable 5.7 inch-pounds. # 

Resolution 

Tests performed to determine the smallest increment of input motion which 
would result in a corresponding output travel indicated that, against the 
510-pound/inch spring load, the mechanical servo required input motion of 
at least 0.001 inch as compared to 0.002 inch for the hydraulic servo (see 
Table 2). Furthermore, the resolution was not consistent, especially when 
moving with the load. Redesign of the output brake element is r.^cesaury 
to correct this condition. 

Noise Level 

The nigh level of noise generated by the mechanical servo was especially 
noticeable under high-amplitude cycling against the heavy (510-pounds/inch) 
cyclic load spring. The basic cause of the noise is the release and re- 
engagement of the clutch spring each time the fixed-rste output motion 
catches u^ with an increment of input motion. The consequent fluctuation 
of the torque demand on the power input results in a corresponding fluctu- 
ation in the torsional strain of the flexible shaft which connects the 
electric m^tcr to the servo. The resultant vibration of the flexible shaft 
and its housing was amplified by the plywood board to which it was attached 
for rigidity. Furthermore, the mounting of the test fixture to the labor- 
atory floor provided negligible damping. 
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It it Apparent that the noise level can be attenuated by carefuJ attention 
to the design of the flexible drive shaft and its supporting structure and 
also to the Mounting of the servo itself. 

Indurance 

The failure of the unit to complete the specified endurance tests without 
failure pointed out soae of the weaknesses in the prototype design and 
therefore served its purpose. The /allures were primarily in the attach- 
ment of gears to their shafts, and repairs to the prototype unit were 
easily made to allow completion of the endurance cycling. 

Design changes are required to provide positive attachment of gears to 
shafts with provisions to preclude the possibility of axial slippage of 
keys. 

Baergency (Manual) Operation 

The first attempt to test the emergency (manual) mode of operation resulted 
in the structural failure of a small lug which transmits input forces to 
the input gearing through a C-shaped flat spring. The failed part was re- 
placed, and the tests under normal powered operation were conpleted before 
repeating the manual operation test. The mechanical servo performed the 
emergency operation satisfactorily; however, the torque required to deflect 
the input bungee through half-travel seemed excessive. This torque was 
measured separately by a bench test of the input gear assembly and was re- 
corded as approximately 30 inch-pounds at half-travel (37.9 degrees). 

Output Bate 

The results of the tests of —j— output rate indicated that the mechan- 
ical servo «as capable of meeting the specified ^-inch/second rate require- 
ments under the collective loading conditions in one direction only. 
However, the recorded rates were higher than those measured with the hy- 
draulic actuator under the same loading. 

With the cyclic loading, the mechanical servo rates were lower than the 
corresponding rates with the hydraulic actuator. 

70 

— 



APPLICABILITY OF TEST »BULTS 

This test prograa vat Intended to evaluate the perfonMnce of ■ mechanical 
s^rvo-actuator for possible use In helicopter flight control systeBs, par- 
ticularly a ayate« similar to the XH-51A.    The loads provided by the test 
fixture simulated the magnitude of the XM-51A cyclic and collect Ire loads 
but did not accurately represent the actual dynamic conditions. 

The test reaults Indicate that the mechanical servo la beat suited for 
functions which require output motion through a large amplitude at a con- 
stant rate.    The frequency response data show that the mechanical servo, 
In Its present stste of development, cannot compete vlth a hydraulic servo 
in responding to small-amplitude cosasands applied sinusoidslly at frequen- 
cies above 0.3 cycle/second.    Furthermore, the resolution tests Indicate 
that preclae positioning of the output la difficult when motion la In the 
same direction aa the load. 

Inasmuch aa the performance of the mechanical servo can be substantially 
improved by design changes in previously noted areas and since schedul' 
and budget limitations did not permit a more accurate simulation of actual 
flight conditions, the results of this program should not be construed ss 
a deterrent to further investigation of mechanical servo applications.    It 
is suggested that follow-on programs be considered, using a whirl-atend to 
evaluate performance of a multi-axis system against s simulated dynamic 
rotor system. 

There are aignifleant potential aavlngs in system weight by the use of 
mechanical servos in lieu of hydraulic servos in s vehicle of the XR-51A 
site.    The existing hydraulic system weighs approximately 50 pounds, in- 
cluding the hydraulic actuators and a 10-pound emergency hydraulic system. 
Assuming that the gear box and flexible shaft required for power transmis- 
sion weigh 3 pounds and that actuator weight can be limited to 6 pounds 
per unit, a system weight ssvlng of 20 pounds can be realised.    It shruld 
be noted that the prototype actuator weighs 18 pounds, but the designers 
have calculated that 6 pounds is a practical estlaste for s repackaged 
unit. 

The reliability of the mechanical servo and the power transmissioo ele- 
ments must be demonstrated before its use in flight control systems can be 
considered.    The limited endurance cycling performed during this program 
indicsted that careful attention must be paid to the design of all smsll 
components.    Furthermore, the tests indicated that dynamic load conditions 
csuse peak power demands which can overload the power input elements.    It 
appears likely that some form of torque •limiting clutch is required st the 
power input to preclude damage to the servo. 
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MDDIFICATIOMS DÜHIIK) TEaTTWC 

IXirlnc the test progrui, several aodlflcatlons were nade to the test setup 
and to th- test unit. These changes, and the reasons therefor, were: 

1. The inertia flywheel was eliminated from the power Input to 
avoid time-consuming braking procedures required to stop fly- 
wheel rotation when It was necessary to shut off the power 
Input. 

2. The electric motor power drive vas relocated after failure of a 
right-angle adapter for the flexible shaft drive. The revised 
setup utilised a straight adapter. 

3. The mechanical servo was repaired at the start of the program to 
replace a small lug which failed during the Initial manual oper- 
ation check. 

k.      Relief valves were added to the hydraulic actuator which pro- 
vided the input displacements to limit input losd to 70 pounds, 
and the actuator waa stroke-limited to avoid striking the mech- 
anical servo input stops during full-amplitude cycling. Some 
tests were rerun without the relief valves to evaluate their 
effect on the results. 

5*  Repairs were made to the mechanical servo during the endurance 
test to permit completion of the specified test spectrum. These 
repairs are noted in Table 5. 

PROPOSED RIDESiqil 

The results of the teats performed wider this contract were reviewed by 
the Curtiss Division of the Curt iss-Wright Corporation, rer Iting In a 
submittal to Lockheed of Curtiss-Wright's ideas for a proposed redesign of 
the mechanical servo-actuator. The proposed redesign Incorporates changes 
which provide a smaller» lighter, more serviceable package and features 
which will correct some of the noted performance deficiencies. 

81«e and Wslght 

yigure kk ahows a comparative slse relationship between the test assembly 
173^10 and the proposed new dt»»lt^ assembly.    The use of s base casting, a 
reorientation cf the spring clutches anc. bypass, and gearing design modi- 
fications allow for considerable assembly site reduction.    The    eight re- 
duction is proportional to the envelope change and results in an estimated 
weight of 6 pounds 'or the new design aa compared with 16 pounds for the 
test unit. 

- 
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atrrictabUlty 

Tht ntv dvsl^n ut lilies a bate CM ting to which art ■our*ad the functional 
coapontnta. A covar appropriately aaalad ancloaaa the aarvo aateably. 
Rtaoral of tha covar aicpoaat tha operating eonponantt for Inspection or 
aenrl-e without aajor dltaaaeably off the aircraft. 

file 173^10 teat aaaaably Incorporated a cloaed-loop follov-up aerro a/ataa 
conaletlnf of a tprlng clutch aapllfler, a paaalve brake, a aanual rwrer- 
aloo bypaaa unit, power Input gearing, signal step-up gearing, and output 
reduction gearing. 

The proposed new design consists of a closed-loop follow-up serro systsa 
with spring clutch saplifier, an Irreversible screw-jack brake, a annual 
rereraioo bypaaa unit, power input gearing, and slapls signal and output 
linkages replacing the gear trains of the test unit. 

A feature of the new design is that, in the new aaaeably, the input signal 
is trans, itted through a bungee to a bar differential to which the output 
la attached. A alaaatch of input and output position results in an error 
signal being transaitted through a transfer bearing to a helical gear 
abaft. The helical gears on this shaft re aeahed with the clutch input 
and gears such that tranalation of the jaft results in relative rotation 
of the clutch input to output gears, car ing the spring to expand to engage 
the power supply gearing. Ihe clutch, .hue engaged, drives the outpit 
through an Irreversible screw Jack and reduces the differential error to 
aero. The output power tranaaission is through the bypaaa slailar to that 
in the 173^10 unit. A r- chanlcai connection of the input lever to tht 
output lever through the bypass is slailar to that in the 173^10 unit, pro- 
viding full aechanlcal control in any failure aode of the boost or power 
supply systea. 

•   • 

The propoeed revised design not only offers laprovsaents in sise, weight, 
coaplexity, and aervlceability, but perforaance characteristic iaprove- 
aents are anticipated. 

In the 173^10 aaaedbly, the springs used aa clutches sre also used aa pas- 
sive brakes. The aajor part of signal dead-band and breakout forct is due 
to the necessity to unwind the spring froa the braking surface, to wrap it 
through a space gap between brake and power drua, and to engage the driv- 
ing drua. In the new design the springs are used only ss clutches and are 
apaced closer to the drive druas such that angular rotation of the spring 
to engage the clutch la reduced to a ainiaua. The breakout force la re- 
duced by virtue of the reduced torslonal spring load during the engageaent 
operation. 

i 
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APPEW^IX 

DESIGN SPECI7ICATI0K FOR A MECHAWICAL SERVO-ACTUATOR* 

The design «peclflcetlon prepared at part of this contract !■ reproduced 
herein as It was submitted to the Curtlts Division of Curt!••-Wright 
Corporation, who designed and bullt s aechanlcai servo-setus or In accor- 
dance with the spedflcstIon requlraaerts. 

Oertsln deviations fron the specification requirements were discussed and 
mutually agreed to by Lockheed and Curt Iss-Wright. These Included (1) 
acceptsnee of the overall length of the actuator aa 7*25 Inches In lieu of 
7 Inches ss specified by Lockheed drawing FCS-1000; (2) elimination of 
output travel stops; (3) sgr cnent that breakout force and dead-band 
should be held to 30 percent uf the maximum values specified by 
«L-H-8501A. 

•Lockheed-Callfomls Company, Report Ho.  LR 16027, 21 July 196U. 
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Thli •pselfleation outlines the design requlrenentt for an Item of 
equlpaent designated u a "mechanical servo-actuator", the purpose of 
which Is to convert manual Input displacements Into proportional output 
displacements of specified power level, utiliz'ng power from an available 
high-speed rotary mechanical source. 

The actuator defined by this document Is intended to perform any one of 
three independent functions relating to helicopter flight control. These 
arr: (l) collective pitch (lift control), (?) longitudinal cyclic pitch 
control, and (3) lateral cyclic pitch control. 

APPLICABLE DOOIBfrS 

The following Ooremsent specifications and Lockheed-California Company 
drawings are applicable to the extent of their principle and Intent ss 
applicable ard/or as specified herein. Wherever there Is disagreement 
between the referenced docuaents and this specification, the requirements 
of this specification shall govern. 

Mii"^"^ ffron^Tws 
KIL-F-^^B  Plight Control Systems; Design, Installation and Test 

of. General Requirements for 

NXL-A-8064A  Actuators and Actuating Systems; Aircraft, Electro- 
Mechanical, General Requirements for 

NXL-E-5?72C  Environmental Testing; Aeronautical and Associated 
Equlpaent, General Specification for 

PCS-1000    Space Qmrelope and Structural Attachaents - Mechanical 
Servo-Actuator 

— 

The actuator shall be designed to fit the space envelope and the struc- 
tural attacMsents shown on Lockheed drawing PCS-1000, dated 17 July 1964. 

The servo-actuator shall be of the spring-clutch type. It will be trl- 
stable In character, have Integral mechanical position feedback and 
respond to manual Input signal demands. 



QpiKATioiuL Bmno»mrr 

The •etuator stell be designed to operste st any teapersture betveen -65*r 
sad *250*T st sny sltltude froa sea level to 50,000 fe«t. 

SELBCTIO» Of STAH^RD PAHTS 

Wherever posslbls, AH or NS standard parts shall be used. 

Oomarelal parts having suitable properties aay be used In applications 
where no suitable AX or MS standard parts sre svella is. 

MAMIAM AIP PROCiaSMS 

Wtarlal 

The coaponsnt parts of the actuator shall be fabricated froa Material 
which seats the quality raquiraasnts of applicable governaent 
specifications. 

Protective Traataant 

Where aaterials are used is the construction of the sarvo-actuator that 
sre subject to deterioration whan exposed to cliaatic and envlronaental 
conditions likely to occur during sarrica usage, they shall be protected 
against such deterioration in a asnner that will in no way prevent coa- 
pllance with the perforasnce requireaents of this specification. 

Die servo-actuator shall be designed to accept a rotary aechaaical power 
input with a noalnal speod of 6300 rpa and a rated torque of 10 inch- 
pounds at that spaad. The power input elsaents should be designed to with- 
withatand a Halt stall torque of 16 inch-pounds. 

The servo-sctuator shall be designed to accept signal inputs applied in 
either direction by a pushrod attschaent to a rotary crank. The angular 
excursion of the input crank shall be Halted by stops to a total travel 
of 75  degrees, ilO degrees. The input crank shall be designed to accept 
input displaceaents of 1.66 inches total for the cyclic function and 2.60 
inches total for the collective function. 

Output Load Characteristics 

Tlie servo-sctuator shall be designed to control output position in 
response to input signals against two basic types of loading: 
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1. Ibe output load fur the cyclic function consists of a spring force 
proportional to output displacement working against gyroscopic 
inertia and viscous damping. The spring force is sero at mid- 
stroke and nas a gradient of 665 pounds/inch in either direction 
over a displacement of 11.02 inches.  The load transmitted through 
the spring acts against a darrping force of 25 pounds/inch/second 
and against a gyroscopic it.ertia load having an angular momentum 
of 222 slug feetvsecond at an effective moment arm of ?.&S  inches. 

2. Ihe output load for the collective function consists of mass in- 
ertia, aerodyrtasuc load proportional to displacement, and negli- 
gible damping.  The mass inertia is 20 pounds at a moment arm 
which provides an output travel of U.33 inches. The aerodynamic 
load can vary from a zero gradient to a gradient of 30 pounds/ 
inch. 

Output Travel Limits 

The output crank travel shall be limited by adjustable stops to a range 
compatible with the input travels and the load characteristics specified 
above under Signal Input and Output Load Characteristics, respectively. 

fcergency Operation 

The servo-actuator shall ve designed to permit actuation of the output by 
manual force applied to the signal input crank in the event of failure of 
the normal power source. Dead-band and hysteresis under emergency opera- 
tion shall be held to a practical minimum. 

81 mctural Requirements 

The servo-actuator shall be structurally capable of withstanding a limit 
load of 160C pounds applied to the input crank at the cyclic input attach- 
ment and a limit load of 1000 pounds applied to the collective input at- 
tachment, in any crank position, in a direction normal to the crank in 
mid-position. The  actuator shall be Irreversible under a static loading of 
1000 pounds in either direction at the output attachment for the cyclic 
functior. and a static loading of 600 pounds at the output attachment for 
the collective function. 

Service Life 

The servo-actuator shall be designed for an operational service life of 
1000 hours without overhaul. Provisions shall be made for necessary re- 
lubrication as required. 

rtBTOtrnMcg Riqjiiua«rrs 

1. The servo-actuator shall be capable of providing an average output 
rate of 5 inches per second at the collective function attachment 
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point for the full range of travel against the inertia leading 
specified in the preceding paragraph entitled Output Load 
Characteristics , paragraph 2. 

2. Ihe servc^-actuat r shall be capable of providing an average output 
rate of 2 inches per second at the cyclic function attachment 
point for travel from mid-position to either extreme against the 
spring ^oüd, inertia and damping specified in the preceding para- 
graph entitled Output Load Characteristics, paragraph 1. 

3. Under the loading conditions specified in paragraphs 1 and 2 
above, the servo-actuator shall be capable of providing output 
position control in increments of 0.01-inch maxiravan for the cyclic 
function and 0.02-inch maximum for the collective function. 

U. The anticipated load-cycle spectrum for th* cyclic function (based 
on 1000 hours) is as follows: 

Asglitude {%) Ho.  of Cycles Frequency (cps) 

100 1,000 0.10 
50 5.000 0.50 
10 100,000 5.00 

am«CHAM(MABiLrrY or CCWOWHTB 

Components of the servo-actuator which may require replacement during the 
test program shall be designed to be physically and functionally 
interchangeable. 

DDdlSIOiC 

The overall site of the servo-actuator shall not exceed the space limita- 
tions of Lockheed drawing FC8-1000.    It is desirable to have the input and 
output attachments in a common place, but separation of input and output 
planes will be permissible if necessary tw avoid compromising other re» 
quireaents of this specification.    It is desirable to  lave t\m power input 
located as shovn on Lockheed drawing FC-1000, but alternate locations may 
be acceptable. 

WIIQHT 

Maximum weight of the servo-actuator shall not exceed 8 pounds. 

FDIISH 

Protective finish in general accordance with specifications NIL-S-5002-2 
and MIL-F-/179A shall be provided for all components of the servo-actuator. 
Necessary lubrication of moving parts shall be provided.    The color of ex- 
ternal finish on exposed parts is optional. 
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IDWTIFICATIOW Of FHODUCT 

The 8ervo-»ctuator shall be markeu for Identification with a nameplat« in 
general accordance wit.i the requirementa of MIL-SID-130. 

DM «orkaanahip of component» and assembly shall be in accordance with 
standard practice for airborne equipment of tvis type. 

«viiiqMurtAL «qjnawpiTB 

The ter/o-aetuator shall be capable of meeting the following test require- 
ments defined by specification NIL-l-5272t 

Acceleration: Procedure I 

Vibration! Procedure XII 

Shock i Procedure IV 

Sand and Du«t: Procedure i 

Humidity: Procedure I 

Salt Spray; Procedure I 

quALm AssnuuKa wovniow 

ACCPPUO «STB AT SOWCI 

Prior to delivery of the servo-actuator to the Lockheed-California Company, 
sufficient tests shall be performed to verify that the general require- 
ments stipulated in tr*e paragraphs entitled Design Requirement! and Per- 
formance Requirements»previously discussed, have been satisfied. The 
Lockheed-California Company shall be advised where and when the testing will 
be performed and Invited to witntss the tests. 

ACdPTASCI T18T8 AT LOCKHBD 

Upon receipt of the servo-actuator, Lockheed-California Company will per- 
form acceptance tests based on the requirements referenced immediately 
above. The specific acceptance test procedures will be Included as part of 
the test procedure scheduled for completion seven weeks prior to the 
scheduled delivery date of the servo-actuator (see following Contractual 
Test Program). 



REJKCTIOW AHD RETEST 

If the servo-actuator fails to meet the specified requirements during ac- 
ceptance tests, an investigation of the extent of and the reaaons for the 
discrepancy will be made jointly by the manufacturer and the Lockhead- 
California Company. Corrective action may be proposed by the Lockheed- 
California Company with due consideration for the effects on cost and 
schedule. 

COWTRACTUAL TEST PROGRAM 

,      A five-week test program, to be conducted at the Lockheed Rye Canyon Re- 
search Center, is scheduled co start within one weak after receipt of the 
servo-actuator. The test procedure is scheduled to be completed (by the 
Lockheed-California Company) seven weeks prior to the delivery date of the 
servo-actuator. The manufacturer shall provide technical assistance to 
Lockheed during the testing phase 
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7.. ~U OF II&FatltlfCD Kfttor the total nulllber of 
rel•.ecH eked Ill tM r..,t. 
I& OOwntACT C. QIIAifT lfU.D: If .,..aprlete, enlllr 
tM -..ueebla --"- of the coatrsct or peat llftder whlc!t 
the repoft ... writt-
... It, • U . PIIOJKCT lfU.at ltllter the llfP'OIIrlllte 
a UltArJ -~-- w..tiflclltlna, weh • • project ""'aber, 
n .,.Ject ... .,, syet-~. tnelr nlllllber, etc:. 

ta. OltiGIIfA.TOil' l •a-o.T ~at(ll): Kater the offi• 
clnl report......, b)' wlalch U.. 41ocuaeat wUl be lclentlfl.cl 
SIMI contNiled by tho orl&laetl .. scth•ity. Ttlb ftlllllber 81\ISt 
be ulll..- to t iUs ,.on. 
t•. OTHaa •KPOitT JfU.-1): If the ,.ort hen bMn 
snsl .... •J othor N1Jt0ft ....-.e (olrltor lty lite orll #noror 
or lty l ito .,.,. • .,), aleo rtter thin nulftber(s). 
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10. AVAJI....U.ITY/ LDIITATIOif JfOT1CD Kater Sft)' lt. 
ltstl ... oa furtiMr dinnetftiMtl.oa of the report. other then those 
iapoNCI b)' security d nnslflcntloa, ul .. •••I'll stat..-nts 
such en: 

(1) 

(2) 

(I) 

" QIIAIIIIM ,.~st- _, olttnia coplOA of tlaia 
Nf!Ort ha DDC. " 
" Fore&• SMtuac ... at ..a dilnalnntlnn of tlai1 
n,ett by DDC le Alit ~:...-." 

"U, I. 0.••-• ...,_.. _, Mtnla • .,,.,of th1e..,.... ....-nly ha DDC. Oth• ...allled DDC 
11 ... slllll ,... ... t...._.. 
-------------------------------------- ... 
--------------------------------·" 

(5) "AU 41lstrUNUoa of tlais r-.ert Ia oeaueu ... Qlanl· 
lfls41 DDC 11 ... shall ,..... *'-Ill .. 

If tho ,.ort has been fwMshed to the Ofllco of Tee ~n1 
lorvicOA, D.p.._. of eo-•co, for eel• to the p\IWI , ~ 
elite ttlln feet Slllll oat• the price, lf kno-
lL IUPPI..IIlltlfTUY NOTII:I: u .. for MdlUoesl • Inn• 
tor)' oato• 
U, .-olfiDII NO MILITARY ACTIVITY: It or theM- of 
tho ._._._... project fftce or 1.-.orlltorr IPOnSOrl .. (po.,. 
lt14 lor) t he arch siMI dt vnlopa• t. lncluct. 84Wres .. 
13. ABITRACT· Enter an abatract c lvlft& a btlef and factua! 
aummary of the doc:Ufllent ndlcatlve of the report , even tllouch 
it may al•o appear e laawl\ere ln tha bod)' of tho technical ,.. 
port. If addltlonal space Ia required, a contlnuotlon r;11"t 
aha ll be attached. 

It Ia hl&hly desirable that the abstract of c ln .. lflad ,.. 
porta be aanclasnlfl Each psra,,.ph of the •betract shall 
ud wlth 111 Indication the military .. e lll'lt)' cla .. lflcatlon 
of the lnlort110tlon ln the ~recraph, rosw-sentecl •• ( TS) , (5), 
( C), or (U). 

Ttlore In no limitat ion on the lefltlth of the abstract . How· 
ever, ttle •uccenteli len«th ln from UO to :US words. 
14. KltY WORDI: Kay word• ara technica lly moanl"Cflll tortM 
or ahort phraeaa ha t chsrectt!lrlae a report ancl 111ay used &II 
Incl .. entrlea for cotalofiq the report. Key words must be 
selected eo tha t ftO aecurlty clonifleotlon Ia r.qulred. ldan­
flere , auch aa aqulpmont model d"lpotlon, trod• ume. 'ftUl• 
tary project code name, c•a«rnphlc loc:otlon, may be used 11 
key words but will be follo-d by an lncllcatlon of ta chnleal 
context . The analcnment of llnlc•, rul••· aftd welchta Ia 
optlonol. 
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